An improved triple-pulse high-power pulse-width modulation (HP-PWM) signal model is proposed to enhance the performance of current underwater sonar transmitter. The presented model is based on reducing the third and fifth harmonic energy of the HP-PWM signal. The achievement of low-power consumption has been implemented using class D amplifier and high-quality factor (High-Q) underwater acoustic transducer (UAT). High efficiency is demonstrated by simulations (reducing 41 % of the third and fifth harmonic energy). Feasibility of the presented model under different conditions has been proved by experiments.
Introduction
Forward-looking sonar system is a common underwater communication technology of wireless sensor network [1] [2] [3] . Reducing power consumption in audio frequency power amplifiers (AFPAs) [4] of forward-looking sonar system [5] remains a great challenge. Some solutions are proposed to solve this problem, such as GaN-based gate driver circuit and power conditioning circuit [6] . These solutions need extra hardware design based on pulse-width modulation (PWM) [7] to improve the efficiency of AFPA. Therefore, the design of the PWM signal model appears to be another important branch of many investigations [8] .
For forward-looking sonar system, underwater sonar transmitter is an acoustic beam generator, and its performance directly determines the detection range and measuring accuracy of sonar equipment. The transmitter includes signal generator, power amplifier circuit, and acoustic transducer. Among them, the power amplifier circuit needs the maximum power consumption. However, recent system cannot achieve both high performance and low power consumption at the same time.
Thus, the combination of PWM signal and underwater sonar transmitter remains to be an investigation to solve this above problem.
One key process encountered in the design of the PWM signal model concerns the selection of pulse driving form. In general, there are two forms for PWM signal: one is continuous wave (CW) pulse signal with fixed frequency and amplitude and the other is a linear frequency modulation (LFM) pulse signal whose frequency is time varying. In comparison of the above two forms, the CW pulse signal is more practical than LFM. Besides, due to the fast response and high efficiency of class D amplifier [9] [10] [11] [12] [13] [14] , CW pulse signal can be driven with high precision in power amplifier system. Consequently, the PWM signal model remains to be designed for low power consumption and high efficiency. In this paper, an improved triple-pulse HP-PWM signal model based on class D amplifier is presented for AFPA of underwater sonar transmitter. This letter highlights our recent work on this topic and focuses on the enhancement of power consumption efficiency.
2 Background of class D amplifier used in underwater sonar transmitter
As is shown in Fig. 1 , class D amplifier is basically composed of three parts. The first part is a modulator consisted of comparator and triangular wave generator. In the positive input of comparator, audio input signal with a certain DC bias is required to be placed there, and a high frequency triangle wave, whose frequency is typically ten times more than the audio input signal, is connected to the negative input. The output of comparator is the desired PWM signal.
The second part is a switch amplifier, which is a large current switch controlled by PWM signal. It transforms the PWM signal into HP-PWM signal.
The last part is to recover the sound signal from the HP-PWM signal. A low-pass or band-pass filter is applied to achieve this function. The cut-off frequency is set near frequency of amplified audio signal. Then, the higher harmonics are eliminated and fundamental frequency of audio signal is reserved.
In this paper, the HP-PWM signal drives an underwater acoustic transducer (UAT) with a fixed operation frequency and High-Q (as shown in Fig. 2 ). To achieve the ultrasonic frequency, modulation frequency of HP-PWM signal should reach at least ten times to avoid large total harmonic distortion (THD). And it is important to select an appropriate HP-PWM signal model which can reduce the modulation frequency and suppress the high harmonic component simultaneously.
Single-pulse model of HP-PWM signal
The simplest HP-PWM modulation is using a singlepulse model in half a cycle as shown in Fig. 3 .
As f(x) is an even function, the sine coefficient is zero after Fourier expansion. Cosine coefficient a n is the amplitude of the nth harmonic as follows:
where θ is the half pulse width and n is the odd harmonic order.
According to the definition of energy, the total energy E in a period of the proposed HP-PWM pulse is 4θ, and the harmonic energy E n can be expressed as
Substituting a n into the Formula (2), E n converts to
To weaken the energy of high harmonic components, ratio η n of the harmonic energy E n to the total energy E should be as small as possible. η n can be expressed as
when the half width of the pulse is lower than 0.4 rad, the fundamental harmonic energy is less than 50 % of the total energy.
Improved triple-pulse model of HP-PWM signal
In order to solve the defects of the third and fifth harmonic energy in the single-pulse model, a triple-pulse model is proposed by adding two narrow pulses with a symmetrical relative to the original signal-pulse model, which is shown in Fig. 4 . The broad half pulse width Δ 1 , narrow half pulse width Δ 2 , and their spacing α are in accordance with the following relations: 
As the signal is still an even function, the cosine coefficient after Fourier expansion is as follows:
Harmonic energy E n is
and the total energy E is 4Δ 1 + 8Δ 2 . Ratio η n of E n to E is
Substituting Formula (7) into Formula (8), η n can be exchanged by
Simulations
The purpose of simulations is to verify the feasibility of the proposed model. Firstly, for the single-pulse model of the HP-PWM signal, ratios of fundamental wave to total energy and the sum of the third and fifth harmonics to the total energy are compared to illustrate the infeasibility of this model. Figure 5 shows the results of simulation in the form of the single-pulse model. The fundamental energy varied greatly with the change of pulse width. If θ is less than 0.4 rad, the fundamental energy is less than 50 % of the total energy. The sum of the third and fifth harmonics is available only if θ is between 0.8 and 1.4 rad. When θ is less than 0.6 rad, the efficiency of the third and fifth harmonic energy can reach 45 %, and the final high power output will be affected seriously by the third and fifth harmonic energy.
Secondly, for improved triple-pulse model of the HP-PWM signal, the simulations are illustrated in Fig. 6 . The results show that the ratio of fundamental energy to total energy has a wide feasible region under the condition that Δ 1 is greater than 0.2 rad, which is much better compared with the results of single-pulse model. The ratio of the third and fifth harmonic energy to total energy has small proportion under the condition of α ϵ 
Experiments
To verify the validity of the proposed model, a test platform was constructed as shown in Fig. 8 . The test Fig. 9 . Then, the distance between transmitting and receiving transducers was 40 cm, and as the underwater speed of sound is about 1500 m/s, the signal transmission time from transmitter to receiver was about 280 μs. The broad half pulse width Δ 1 was set five values from 0.06 to 0.14 and the spacing α were set from 0.75 to 0.83. The amplitudes of the receiving signal on the underwater acoustic transducer are shown in Table 1 .
Through the results of Table 1 , it is obvious that the proposed triple-pulse model of HP-PWM signal can basically achieve the performance of theoretical analysis. When α is 0.79 rad, the amplitudes of the receiving signal can reach the maximum value. Then, the output power can be easily controlled by adjusting Δ 1 . It indicates that the proposed model can improve the efficiency and performance of underwater sonar transmitter under the condition of low power consumption.
Conclusions
This paper has proposed an improved triple-pulse model of HP-PWM signal to enhance the efficiency of power amplifier circuit in sonar transmitter system under the condition of low power consumption, which reduces 41 % of the third and fifth harmonic energy. The strategies are based on improving the driving model of power amplifier circuit and combining the features of underwater acoustic transducer to achieve a sonar transmitter system with high efficiency and low power consumption. Confirmatory simulations and experimental results are provided to highlight the feasibility of proposed model.
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